An unsteady panel method based on potential flow theory is developed for unsteady aerodynamic analysis of helicopter rotors. The panel method uses a piecewise constant source and doublet singularities in the solution. This potential-based panel method is based on the Dirichlet boundary condition coupled with a time-stepping method. The proposed method uses a time-stepping loop to simulate the unsteady motion of helicopter rotors. A free wake model is used for the wake simulation of a helicopter rotor. The proposed method is validated by comparing our results with experimental data. The incompressible results of the proposed method for helicopter rotors are in good agreement with the experimental data for hovering and forward flight. The proposed method can be used for practical applications such as aerodynamic designs and the analysis of various helicopter rotor configurations.
Introduction
Currently, most nations use helicopters for military and industrial purposes. A helicopter can be defined as any flying machine using rotating wings to provide lift, propulsion and control forces. 1, 2) A helicopter can produce forward flight and hovering using the rotation of the helicopter rotor.
There is a wide range of research on the aerodynamic characteristics of helicopter rotors. Only a few countries have developed their own helicopters and design technology. Compared to a fixed-wing aircraft, a helicopter has highly complex aerodynamic characteristics. Therefore, many experimental tests and numerical analyses must be performed to evaluate hovering and forward flight conditions. The rotor blade is the core technology that determines the performance of a helicopter. Flow characteristics around a rotor blade are very complex and unstable. In particular, asymmetric aerodynamic loads produced by changes in the azimuth angle in forward flight create a serious vibration problem.
The aerodynamic performance of helicopter rotor blades is determined by compressibility, separation and the wake effect. Therefore, nonlinear compressibility, the complex wake made by the rotor blade, blade-vortex interaction and other factors must be considered in an aerodynamic analysis of a helicopter rotor blade.
The panel method has been used in the aerodynamic analysis and design of aircraft. In 1967, Hess and Smith 3) developed the surface panel method (Douglas-Neumann method). They extended the panel method to analyze the 2-D and 3-D lifting problem. Rubbert and Saaris 4) analyzed the flow field around a 3-D shape considering the lifting and thickness effect. 5) In the 1970s, Morino et al., 6 ,7) Hunt, 8) Bristow 9) and Banerjee and Morino 10) studied a boundary element method called the surface panel method. 11) They derived a formula to calculate the Laplace equation using Green's theorem and the Neumann and Dirichlet boundary conditions. In the 1980s, Johnson, 12) Carmichael and Ericson, 13) Maskew 14) and Youngren et al. 15) studied various panel methods. Cho, 16) Katz, 17) Gordon and Rom 18) and Yeh and Plotkin 19) studied the steady state panel method to calculate wake simulation at high angles of attack, and the nonlinearity of the flow.
In the early 1990s, the time-domain panel method was developed to analyze steady/unsteady aerodynamic 3-D configurations. Katz, 20) Katz and Maskew, 21) Blair and Williams, 22) Katz and Plotkin 23) and Gennaretti and Morino 24) examined the time-domain panel method. In the mid1990s, Roggero and Larguier 25) analyzed the aerodynamic characteristics of the Hermes spacecraft in a low speed steady state.
In the 2000s, commercial computational fluid dynamics (CFD) tools were developed, and computing power was improved. Currently, commercial CFD tools are used to analyze aerodynamic characteristics for both 2-D airfoils and 3-D full aircraft configuration. However, it is very time consuming to model and calculate 3-D configurations such as those of a helicopter rotor.
We developed a method of unsteady aerodynamic analysis for helicopter rotors in hovering and forward flight. In addition, aerodynamic analysis and wake simulation of helicopter rotors were performed using the proposed time-domain panel method, and free wake in hovering and forward flight was considered.
Numerical Method

Unsteady time-domain panel method
In our study, the flow was assumed to be inviscid, irrotational, and incompressible. Hence, a velocity potential Èðx; y; zÞ can be defined, and the continuity equation becomes Laplace's equation:
The general solution to Eq. (1) can be constructed, based on Green's identity, by summing source ' and doublet " distributions on all of the known boundaries. 23) Thus,
To impose the Dirichlet boundary condition on the surface, the perturbation potential must be specified everywhere on the body. If, for an enclosed body, @È=@n ¼ 0, then the potential inside the body will not change. Thus, Eq. (2) becomes
The basic panel element used in this method has a constant strength source and/or doublet, and the surface is planar. The Dirichlet boundary condition on a body will have the following form:
such that this condition must hold at any moment t. Equation (4) was evaluated for each collocation point inside the body. These influence coefficients C k and C l of the body and wake doublets, respectively, and B k of the sources were calculated. 23) Laplace's equation (Eq. (1)) does not directly include time-dependent terms. Time dependency is introduced through the modification of ''zero normal flow on a solid surface'' and the use of the unsteady Bernoulli equation. The Dirichlet boundary condition for unsteady aerodynamic analysis requires that the source strength be given as follows:
The Dirichlet boundary condition, when specified at the ith panel's collocation point, is influenced by all the N bodies and N W wake panels, and has the form
The strength of all the wake panels is related to the unknown doublet values of the trailing edge upper and lower panels via the Kutta condition. Therefore, by resubstituting the trailing edge condition, we can reduce this boundary condition to include only the body's unknown doublets, and for the first time-step, this becomes
where A ik ¼ C ik if no wake is shed from this panel, and A lk ¼ C ik AE C il if a wake is shed from the panel. During the subsequent time-steps, wake panels will be shed, but their strengths are known from previous computations. Thus, Eq. (7) is valid only for the first time-step, and for t > Át, the influence of these N W wake doublets (excluding the latest row) must be included in the boundary conditions. As a result, Eq. (6) will have the form
The tangential velocity and the perturbation velocity are obtained at each panel as follows.
The perturbation velocity of the normal direction is given by
Normally, the perturbation velocity on the tangential direction is obtained using the central difference method, which was determined using Eq. (14):
However, due to the arbitrary configuration, it is not useful to calculate the perturbation velocity using the difference method. In this paper, VSAERO 26) polynomial interpolation was adopted to obtain the tangential velocity. The sum of the perturbation velocity plus the local kinematic velocity, which is the local fluid velocity, is given by
where ðl; m; nÞ k are the local tangential and normal directions, and the components of V kine in these directions were obtained. V kine is the magnitude of the kinematic velocity and is given by
The local perturbation velocity is ðv l ; v n ; v m Þ ¼ ð@È=@l; @È=@m; @È=@nÞ and the normal velocity component on the solid body is zero. The pressure coefficient was then determined for each panel as follows:
As shown in Fig. 1 , ðX; Y; ZÞ is an inertial coordinate system, and ðx; y; zÞ is considered a body fixed coordinate. Therefore, the path of origin R and rotational information Â can be combined with a forwarding mode and vibration mode. This is expressed as follows:
The velocity V and angular velocity can be written as
where the free flow velocity, constant angular velocity, amplitude of vibration, frequency, and angle of delay are represented by Q 1 , , A, !, and v, respectively. To estimate the transformation of coordinates, the following equation of transformation was used: 
For complex unsteady motion at the trailing edge or in the entire flow, the wake that flows from the separation point, which is determined by the user, was created by the addition of wake panels at each time interval Át. The strength of doublets at the wake panel was computed using the Morino Kutta condition for each time interval, and the strengths were maintained over time by the determination of Helmholtz.
27)
The new wake strength was determined by the average value of the previous wake strength, as described by Eq. (19) . Hence, the Kutta condition can be applied more accurately, and the pressure gradient can be minimized. 28 )
The local velocity is related to the motion of the object. The wake rollup at each time-step can be performed, and each vortex of both the trailing edge and separated wake will 
The local perturbation velocity is ðv l ; v n ; v m Þ ¼ ð@È=@lÞ. Figure 2 shows a flow chart of the proposed method. The input data of the method are the geometry and flight conditions of the helicopter rotor blade. The airfoil shape, chord length, span length, sweep angle, twist angle and incidence angle represent the basic geometry. Items such as hovering, forward flight, rotational speed and the time-step represent the basic flight condition information.
Flow chart of the time-domain panel method
The potential flow solution is included in a time-stepping loop. In cases with rotor blade geometry, geometrical infor- Then, the time-stepping loop begins, and the geometry of the wake panel row adjacent to the trailing edge is established based on the motion kinematics. During each of the following time steps, the strength of the latest wake row is computed using the Kutta condition, and the previously shed wake vortex strengths remain unchanged. Thus, at each time-step, for N panels, N equations result in N unknown doublet strengths. If the geometry of the body does not change with time, then the matrix is inverted only once. The wake is captured as part of the solution with no special treatment. Before advancing to the next time-step, the wake rollup procedure is performed. Since the vortex wake is force free, each vortex must move with the local stream velocity. The local velocity is a result of the kinematic motion, and the velocity components induced by the wake and the body are usually measured in the inertial frame of reference ðX; Y; ZÞ at each panel's corner point. This velocity can be calculated because the strengths of all the singularity elements in the field are known at this point of the calculation. To achieve the wake rollup, at each time step, the induced velocity at each wake panel corner point is calculated in the stationary inertial frame, and then the vortex elements are moved by the Euler convection scheme. Figure 3 shows Caradonna and Tung's rotor. 29) The diameter of the rotor is 2.286 m, the aspect ratio is 6 and the airfoil shape is NACA 0012. To validate the proposed method for a rotor, unsteady results from the present analysis were compared with the experimental results. Figure 4 shows Caradonna and Tung's rotor paneling for the calculation the rotor performance using the proposed method. The conditions for the proposed method were assumed to be incompressible, with inviscid conditions. At the tip of the rotor, the compressible effect was considered seriously because of rotational speed and forward speed. Therefore, Prandtl-Glauert's rule was used to consider the compressible effect in the proposed method.
Results
Hovering
We used 18 cases to analyze the helicopter rotor: three rotational speed cases (1,250, 1,750, and 2,250 rpm); three collective pitch cases (5, 8, and 12 degrees); and compressible (even) cases and incompressible (odd) cases. The analyzed cases, the results of the proposed method and the experimental results of Caradonna and Tung are summarized in Table 1 . When the rotational speed and collective pitch were increased, the deviation of the thrust coefficient increased. Figures 5 to 13 show the pressure distributions from midspan (a) to tip (d). Each figure shows the results from experiments and the incompressible and compressible results from the proposed method. Figure 5 shows the pressure distribution results when the rotational speed is 1,250 rpm, and the collective pitch is 5 degrees (cases 1 and 2). In these cases, the tip speed of the rotor blade is subsonic (M tip ¼ 0:433). Therefore, the compressible result and incompressible result are similar. As shown in the figure, the results agree reasonably well with the experimental results. Figure 6 shows the pressure distribution results when the rotational speed is 1,250 rpm and the collective pitch is 8 degrees (cases 3 and 4) . The tip speed in these cases is subsonic (M tip ¼ 0:433). The results shown in Fig. 6 are similar to those shown in Fig. 5 (cases 1 and 2) . In Fig. 6(d) , the compressible result is slightly overestimated compared to the result from the experiment. However the incompressible result is reasonably close to the experimental result. Figure 7 shows the pressure distribution results when the rotational speed is 1,250 rpm and the collective pitch is 12 degrees (cases 5 and 6). The tip speed of the rotor blade is subsonic (M tip ¼ 0:433). Figures 7(c) and (d) show the difference between the compressible result and the incompressible result. The results for the incompressible case are in good agreement with the experimental results. Figure 8 shows the pressure distribution results when the rotational speed is 1,750 rpm and the collective pitch is 5 degrees (cases 7 and 8). In these cases, the compressibility effect appears near the area at the leading edge of the tip as shown in Fig. 8(d) (M tip ¼ 0:610). However, the compressible result is more accurate than the experimental results between the thrust coefficient and the pressure coefficient distributions (Table 1 and Fig. 8 ). Figure 9 shows the pressure distribution results when the rotational speed is 1,750 rpm and the collective pitch is 8 Figure 10 shows the pressure distribution results when the rotational speed is 1,750 rpm and the collective pitch is 12 degrees (cases 11 and 12). In these cases, the compressibility effect appeared at the blade's leading edge. In these cases, the results are similar to those shown in Fig. 9 . In the leading edge area, the compressible result is in good agreement with the experimental results. Figure 11 shows the pressure distribution results when the rotational speed is 2,250 rpm and the collective pitch is 5 degrees (cases 13 and 14) . In these cases, the compressibility effect appeared in all blade areas except r=R ¼ 0:5. The compressible result is in good agreement with the experimental results at the leading edge. Figure 12 shows the pressure distribution results when the rotational speed is 2,250 rpm and the collective pitch is 8 degrees (cases 15 and 16) . The results are similar to those shown in Fig. 11 . In these cases, the compressibility effect also appeared at all blade areas except in the center of the blade (r=R ¼ 0:5). Figure 13 shows the pressure distribution results when the rotational speed is 2,250 rpm and the collective pitch is 12 degrees (cases 17 and 18) . The results are similar to those shown in Figs. 11 and 12 . In the center of the blade, the compressibility effect did not appear. The results are in good agreement with the experimental results. From Figs. 5 to 12, and Table 1 , in the low rotational speed cases (1,250 rpm), incompressible results predict the peak point of pressure distributions and average performance (thrust coefficient) better than compressible results. However, in the middle (1,750 rpm) and high (2,250 rpm) rotational speed cases, incompressible results predict the average performance (thrust coefficient) well but compressible results predict the peak point of pressure distributions well.
The wake shapes for each incompressible case are shown in Figs. 14 to 16. Since the wakes are modeled using the constant strength doublet element, a starting vortex is shown at the bottom of the far field panel. To prevent the wake from passing through the solid bodies (rotor), the close approach method was used. The slow starting method was adopted in order to apply the inflow model for a reasonable shape of the wake. The wake roll phenomena are shown in Figs. 14 to 16. Figure 17 shows the geometry of a UH-60 rotor 30) for the aerodynamic analysis in forward flight. The rotor has four blades. The radius of a UH-60 rotor is 26.83 ft, the solidity ratio of the rotor is 0.0826, the blade tip sweep (aft) is 20 degrees, the blade chord length is 20.76/20.965 in, the nominal rotor speed is 258 rpm and the section airfoils are composed of SC1095 and SC1094R8. Figure 18 shows the lift coefficient at 0.865R for a weight coefficient of 0.13. The result from the proposed method is well matched with the references. 30 ) Figure 19 shows the wake shape of a UH-60 rotor. The wake shape of rotor is very complex in forward flight. Furthermore, interaction between wake panels makes the wake burst. In this figure, wake shape is simulated well with this proposed method.
Forward flight
Conclusion
The time-domain panel method and free wake are used for aerodynamic analysis and wake simulation of a helicopter rotor in hovering and in forward flight. The proposed method uses a time-stepping loop to analyze the aerodynamic characteristics and simulate the wake of the helicopter rotor.
Although the proposed method is limited to our inviscid and irrotational assumptions, we believe that the method will be useful for the conceptual design and aerodynamic analysis of helicopter rotors.
The results of the proposed method were compared to experimental results in hovering and in forward flight. In the low rotational speed cases, incompressible results predict better than compressible results. In the middle and high rotational speed cases, incompressible results predict the average performance (thrust coefficient) well but compressible results predict the peak point of pressure distributions well.
The results of aerodynamic analysis using the proposed method were in good agreement with the results from experiment in hovering and in forward flight.
The time-domain panel method is highly efficient, and the proposed method can be used in the inverse design and aerodynamic analysis of helicopter rotors. The use of various inflow models could produce more precise results. 
